Dissolved oxygen is essential to healthy streams and lakes. The dissolved oxygen level is an indication of how polluted the water is and how well the water can support aquatic plant and animal life. A higher dissolved oxygen level indicates better water quality. There is a significant oxygen transfer associated with most hydraulic structures because the air entrained into the flow is split into small bubbles, which greatly increases the surface area for transfer. Stepped chutes are a particular instance of this, and the aeration efficiency of such structures has not been studied in the laboratory and field. In this paper, the aeration performance of the stepped chutes with and without end sill was investigated in a large laboratory stepped chute. An empirical correlation predicting the oxygen transfer efficiency was developed for stepped chutes. The results indicated that l/h and s/h had a significant effect on the aeration efficiency of stepped chutes.
Introduction
The concentration of dissolved oxygen (DO) is perhaps the single most important feature of water quality. It is an important regulator of chemical processes and biological activity. Most forms of aquatic life require dissolved oxygen. The physical process of oxygen transfer or oxygen absorption from the atmosphere acts to replenish the used oxygen. This process has been termed re-aeration or aeration. Efforts to increase the DO level of rivers require significant expenditures each year. The current treatment technologies are often expensive and do not always increase the DO to recommended levels. In many other cases, the water is left untreated because no available treatment technology is effective and/or affordable.
Hydraulic structures have an impact on the amount of dissolved oxygen in a river system, even though the water is in contact with the structure for only a short time. The same quantity of oxygen transfer that would normally occur over several kilometers in a river can occur at a single hydraulic structure, since the flow over a structure is typically highly turbulent, resulting in increased interfacial renewal. Aeration performance of hydraulic structures has been studied experimentally by a number of investigators. Avery and Novak (1978) , Markofsky and Kobus (1978) , Nakasone (1987) , Thene (1988) , Tang et al. (1995) , Labocha et al. (1996) , Watson et al. (1998) , Wormleaton and Soufiani (1998) , Wormleaton and Tsang (2000) , Baylar and Bagatur (2000) , and Baylar et al. (2001) , investigated the aeration performance of weirs. Preul and Holler (1969) , Wilhelms (1988) , and Urban et al. (2001) , conducted a series of laboratory experiments to determine the oxygenation potential of gated sill structures. Tainter gates, gated conduits, and ogee crests were studied by Holler (1970) , Wilhelms and Smith (1981) , and Rindels and Gulliver (1991) , respectively.
Stepped chutes have become popular in recent years mainly due to the intrinsic low cost and the speed of construction. In a stepped chute, the provision of steps can produce significant energy dissipation. The flow on stepped chutes can be in either nappe or skimming flow regimes (Fig. 1) . Rajaratnam (1990) , Chamani and Rajaratnam (1994) , Chanson 1994a,b; 1996) , and Chamani and Rajaratnam (1999a,b) have focused mainly on characteristics of nappe flow and skimming flow over stepped chutes. The literature search did not identify any published analytical or physical studies of the dissolved oxygen levels produced in stepped chutes with and without end sill. This paper describes an experimental investigation into aeration efficiency of stepped chutes, and in particular, the effect of varying l/h and s/h.
Oxygen Transfer Process
Oxygen transfer and dispersion into water essentially is governed by the processes of molecular diffusion, turbulent mixing, or both. At the water surface it requires a difference in active partial pressures between the air and water. Lewis and Whitman (1924) suggested that two laminar films or layers lie on either side of the air-water interface. Both films offer resistance to the passage of oxygen molecules into the water. However, for a slightly soluble gas, such as oxygen in water, the resistance of the waterside is very much the greater of the two, effectively controlling the transfer process. The mass transfer rate (dm/dt) of gas molecules across an interface is known to be proportional to the concentration gradient across the interface, and this can be expressed as:
where C is DO concentration, K L is liquid film coefficient for oxygen, A is surface area associated with the volume, V, over which transfer occurs, C s is saturation concentration, and t is time.
The term A/V is often called the specific surface area, a, or surface area per unit volume. Equation 1 does not consider sources and sinks of oxygen in the water body because their rates are relatively slow compared to the oxygen transfer that occurs at most hydraulic structures due to the increase in free-surface turbulence and the large quantity of air that is normally entrained into the flow.
The predictive relations described herein all assume that C s is constant and determined by the water-atmosphere partitioning. If that assumption is made, C s is constant with respect to time, and the oxygen transfer efficiency (aeration efficiency), E, may be defined as (Gulliver et al. 1990 ):
Cs -Cu r where u and d are subscripts indicating upstream and downstream locations, respectively, and r is the oxygen deficit ratio [(Cs -Cu) 
A transfer efficiency value of 1.0 means that the full transfer up to the saturation value has occurred at the structure. No transfer would correspond to E = 0.0. The saturation concentration in distilled, deionized water may be obtained from charts or equations. This is an approximation because the saturation DO concentration for natural waters is often different from that of distilled, deionized water due to the salinity effects. In this study, the saturation concentrations were determined by the chart of McGhee (1991) . The salinity effect was minimized by using tap water with a low salt concentration.
Experimental Arrangement and Experiments
A series of laboratory experiments were run on stepped chutes with and without end sill. An outline of the experimental arrangement is shown in Fig. 2 . It shows a prismatic rectangular chute channel, 0.30 m wide and 0.50 m deep, in which the steps were installed. Water was pumped from the storage tank to the stilling tank, from which water entered the chute through an approach channel with its bed 1.25 m above the laboratory floor. The downstream channel used in this study was 3.0 m long, 0.35 m wide, and 0.45 m deep. An ogee crest was installed at the entrance to the chute channel so that water was guided into the chute channel. The discharge was measured by means of a flow meter installed in the supply line. The slope of the stepped chute, defined as l/h was equal to 2.41 (α = 22.55°), 2.95 (α = 18.74°), and 3.87 (α = 14.48°). For all slopes tested, a step with h equal to 10 cm was used. Sill heights were equal to 20 and 40 mm. All experimental runs were carried out with discharges ranging between 5 and 50 L/s in 5 steps.
Each experiment was started by filling the storage tank with tap water and adding Na 2 SO 3 and CoCl 2 for chemical deoxygenation. The salt content of tap water used for all of the experiments reported in this paper was low and was monitored constantly during the experiments to ensure there was no buildup of residues caused by the deoxygenation chemicals added to the water. Therefore, the results were not affected by the presence of any chemicals or pollutants.
DO measurements upstream and downstream of the stepped chute were taken using calibrated portable HANNA Model HI 9142 oxygen meters at the locations identified in Fig. 2 . Measurements were made by submersing the probe to a depth of approximately 0.20 m at sampling points. The DO meters were calibrated daily according to local atmospheric pressure, prior to use, by the air calibration method. Calibration procedures followed those recommended by the manufacturer. The calibration was performed in humid air under ambient conditions.
From equation 2 it can be seen that the measurement of transfer efficiency becomes quite sensitive to measurement errors with a low upstream DO deficit. Gulliver and Wilhelms (1992) have stated that an upstream DO deficit of greater than 2.5 mg/L is normally required for accuracy in an oxygen-transfer efficiency measurement. Wormleaton and Soufiani (1998) found that the oxygen transfer efficiency, E, is sensibly independent of the upstream DO deficit. In this study, sodium sulphite (Na 2 SO 3 ) was added to the water to ensure a minimum upstream DO deficit of 2.5 mg/L. Cobalt chloride (CoCl 2 ) was used as the catalyst. During the experiments, a digital thermometer was used to measure water temperature. Since the saturation concentration of oxygen is a strong function of temperature, the aeration efficiency is also temperature dependent. To provide a uniform basis for comparison of different systems, the aeration efficiency is often normalized to a 20°C standard. Gulliver et al. (1990) proposed the following equation to describe the influence of temperature:
where E T is oxygen transfer efficiency at the water temperature of measurement and E 20 is oxygen transfer efficiency at 20°C. In this study, the aeration efficiency was normalized to 20°C using equation 3.
Results and Analysis
In this study, the values of the aeration efficiency of stepped chutes were obtained depending on chute inclination angle (α), sill height (s), and discharge (Q). The following sections present and discuss aeration efficiency results (E 20 ).
The change in flow regime was observed as a function of chute inclination angle, sill height, and discharge, as illustrated in Tables 1 to 3 . Nappe flow was observed more than skimming flow as l/h increased. Skimming flow was especially observed in high discharges (Tables 1-3) .
At l/h equal to 2.41, stepped chute without end sill had the greater values of aeration efficiency than for stepped chutes with end sill, and the values of aeration efficiency of s/h equal to 0.20 were in general agreement with the values of s/h equal to 0.40 (Fig. 3a) . For l/h equal to 2.95, the values of aeration efficiency of s/h equal to 0.40 were observed to generally be Table 1 . Flow regimes for stepped chute with s/h = 0.20 (Fig. 3b) . At the lowest chute inclination angle (l/h equal to 3.87), s/h equal to 0.20 had the greater values of aeration efficiency than s/h equal to 0.40 and stepped chute without end sill (Fig. 3c) . For s/h equal to 0.20, aeration efficiency of l/h equal to 3.87 was observed greater than for l/h equal to 2.41 and 2.95. In other words, aeration efficiency of s/h equal to 0.20 increased as l/h increased (Fig. 4a) . For s/h equal to 0.40, aeration efficiency of l/h equal to 2.95 was found generally greater than for l/h equal to 2.41 and 3.87 (Fig. 4b) . At stepped chutes without end sill, the values of aeration efficiency were greater at l/h equal to 2.41 for low discharges and at l/h equal to 2.95 for high discharges (Fig. 4c) . Table 3 . Flow regimes for stepped chute without end sill An empirical correlation predicting oxygen transfer efficiency was developed for stepped chutes. The resulting correlation is given in equation 4:
; correlation coefficient = 0.95 (4) where h is the step height (m), l is the step length (m), and q is unit discharge (m 2 /s).
The measured oxygen transfer efficiencies were compared to those predicted with equation 4. Good agreement between the measured oxygen transfer efficiencies and the values computed from the predictive equation was obtained. Further confidence in the correlations is seen in Fig. 5 .
Conclusions
A series of laboratory experiments were run on stepped chute with and without end sill in order to determine aeration performance. An empirical correlation was developed that predicted the oxygen transfer efficiency for stepped chutes. Based on the findings of this study, the following conclusions can be drawn:
• It was apparent from the results that skimming flow was observed especially in high discharges.
• The results showed that nappe flow was observed more than skimming flow as chute inclination angle decreased.
• It was observed that the length of non-aerated flow region increased as chute inclination angle decreased. Moreover, length of the non-aerated flow region increased as the discharge increased.
• The results showed that aeration efficiency of stepped chute with end sill increased with discharge up to a certain point and then decreased with a further increase of discharge. However, aeration efficiency of stepped chute without end sill decreased continuously as discharge increased.
• It was observed from the results that for stepped chute with end sill, aeration efficiency generally increased as chute inclination angle decreased.
• It was apparent from the results that for the greatest chute inclination angle, aeration efficiency of stepped chute without end sill had the greater values than for stepped chutes with end sill. • For the lowest chute inclination angle, the values of aeration efficiency of stepped chutes with end sill were observed greater than for stepped chute without end sill.
• As chute inclination angle decreased, the values of aeration efficiency were found greater in lower sill height.
• Scaling of aeration data to prototype size is virtually impossible, largely due to the relative invariance of bubble size. The experiments described in this paper cover discharges that are considerably smaller than most prototype applications. Additional testing is necessary to assess the effect of aeration efficiency for stepped chutes with and without end sill when discharge is higher than the largest discharge tested, 50 L/s. 
